Objective To compare physiological and process parameters, as well as lipid accumulation capacity, of six strains of Yarrowia lipolytica and two strains of Rhodosporidium toruloides in media containing glycerol as the main carbon and energy source.
Cells from the inoculum were centrifuged at 2500 g for 10 min, washed twice with MDBU medium (without carbon source) and the cell suspension was standardized to start the growth kinetics experiment with an initial OD600 between 0.1 and 0.2 for Y. lipolytica, and 0.5 and 0.6 for R. toruloides. Cultivations were carried out in 500 ml baffled shake-flasks containing 100 ml of MDBU medium with 2.5 g/l of glycerol, thiamine and trace element solutions (Barth and Kunkel 1979) for Y. lipolyticaand vitamin (Verduyn et al. 1992 ) and trace element (Meesters et al. 1996) solutions for R. toruloides, at 200 rpm and 30 ºC.
Cultivations for lipid accumulation
The pre-inoculum was prepared by pouring a 1 ml stock culture (kept in glycerol at -80 ºC) into a 50 ml Falcon tube containing 10 ml of YPD medium and cultivation at 200 rpm and 28 °C for 24 h. The inoculum was prepared by transfering the 10 ml of pre-inoculum into a 500 ml baffled shake-flask containing 90 ml of YPD medium, and cultivation at 200 rpm and 28 °C for 24 h. Cells from the inoculum were centrifuged at 2500 g for 10 min, washed twice with NaCl solution (9 g/l) and the cell suspension was standardized to obtain an initial OD600 of 2.0 in the subsequent cultivation. Cultivations were performed in 500 ml baffled shake-flasks containing 100 ml of MCL medium at 200 rpm, 28 ºC, and 96 h for Y. lipolytica and 72 h for R. toruloides. After this time, 10 ml of the broth were centrifuged at 2500 g for 10 min, washed twice with distilled water and the harvested biomass was dried at 100 ºC until constant weight, which was later used for lipid quantification.
Analytical Methods
Cell growth was monitored by optical density at 600 nm and converted into dry cell weight using a standard curve for each yeast strain. The dry weight of cells was determined gravimetrically, as described by Olsson and Nielsen (1997) . Samples of the cultivations were filtered and the supernatants were used to quantify glycerol and extracellular metabolite concentrations using an HPLC equipment with an RI detector (RI 2000, Chrom Tech Inc., Germany) at 30 ºC, Aminex HPX-87H ion exchange column (BioRad, USA) and H2SO4 5 mM as mobile phase. Lipids were extracted from the dried biomass, obtained from the lipid accumulation experiments, according to Folch et al. (1957) and Bonturi et al. (2015) .
Calculation of physiological parameters
The maximum specific growth rate ( , h -1 ) was obtained by plotting the natural logarithm of dry weight (g/l) versus time (h), using only data points from the linear region corresponding to the exponential growth phase. corresponded to the slope of the straight line obtained by linear regression. The biomass yield on substrate during the exponential growth phase ( / , g DW/g S) was obtained by plotting the cell concentration (g DW/l) versus the glycerol concentration (g/l), using only data points from the exponential growth phase. / corresponded to the absolute value of the slope of the straight line obtained by linear regression. The maximum specific substrate consumption rate ( , g S/g DW.h), the global biomass yield on substrate ( / , g DW/g S), the lipid yield on substrate ( / , g Lip/g S) and the lipid productivity ( , g Lip/l.h) were calculated using the following equations:
where Xf (g DW/l) is the final cell concentration, X0 (g DW/l) is the initial cell concentration, Sf (g/l)
is the final glycerol concentration, S0 (g/l) is the initial glycerol concentration, Lipf (g/l) is the final lipid concentration and tcultivation (h) is the cultivation time.
Statistical Analysis
The Statistica® 5.5 (Statsoft, USA) software was used to calculate the analysis of variance (ANOVA). The Tukey test was used to determine the differences between the samples with a significance level of 10%.
Results and discussion
The defined medium proposed by Barth and Kunkel (1979) and further modified by Oliveira (2014), herein called MDBU, was selected for the growth kinetics experiments with Y. lipolytica, due to its ability to: keep the extracellular pH constant, avoid foam formation, and sustain growth with a reasonably high specific growth rate (around 0.3 h -1 ) (Oliveira 2014) . The growth profiles of all Y. lipolytica strains were in accordance with the typical microbial growth behavior in batch mode ( Fig. 1 ) (Monod 1949) and as observed by Oliveira (2014) . As for the R. toruloides CCT 0783 and R. toruloides CCT 7815 strains, the µ á observed -0,073 and 0,097 h -1 , respectivelyfor cultivation in the MDBU medium proposed by Oliveira (2014) was roughly 3 times lower than the average á value of the Y. lipolytica strains. For this reason, the MDBU medium was supplemented with a trace element solution (Meesters et al. 1996 ) and a vitamin solution (Verduyn et al. 1992 ), aiming at improvements in the µ á of the R. toruloides strains. However, these modifications in the MDBU medium were not sufficient to increase this parameter, since the calculated µ (with the modified MDBU medium) for R. toruloides CCT 0783 and R. toruloides CCT 7815 ( Fig. 1 ) were 0.076 and 0.092 h -1 , respectively.
According to Monod (1949) , the growth of a microorganism can be more accurately measured when the limiting growth factors are fully known. These limiting growth factors can be classified into three groups: 1) depletion of nutrients; 2) accumulation of toxic metabolic products;
or 3) change in the ionic balance, especially the pH. Thus, the use of a defined culture medium is important in the study of microbial physiology, as it is the only choice for acknowledging the limiting growth factors. In the case of Y. lipolytica, it was interesting to observe that the pH of the medium did not change along the cultivations, because urea was used as the nitrogen source and there was no production of organic acids during cell growth. Moreover, it was possible to conclude that glycerol was the limiting growth factor for this species, because the cells entered the stationary growth phase with the exhaustion of glycerol. However, this was not observed in the cultivations of R. toruloides:
the extracellular pH increased during cell growth from 6.0 to 7.3 (for R. toruloides CCT 0783) or 7.0 (for R. toruloides CCT 7815), and the cell concentration seemed to stabilize before glycerol exhaustion. Therefore, it is possible that the increase in the extracellular pH was the limiting growth factor for the R. toruloides strains; however no explanations for this phenomenon or similar reports in the literature could be found.
Calculated physiological parameters and the kinects patterns observed during Y. lipolytica and R. toruloides cultivations in the defined medium are displayed in Table 1 (Meesters et al. 1996) . Most of the literature on R. toruloides aiming at lipids and/or carotenoids production reports the use of complex media to improve the maximum specific growth rate.
Bommareddy et al. (2015) reported a maximum specific growth rate of 0.12 h -1 for R. toruloides DSMZ 4444 during a bioreactor cultivation using yeast extract and glycerol (75 g/l). Kiran et al.
(2013) reported a maximum specific growth rate similar to the values found in this work, 0.085 h -1 , during a bioreactor cultivation using pure glycerol (100 g/l) as the carbon source and autolysate of the rapeseed meal as nitrogen source.
Lipid accumulation capacity was evaluated using a complex medium with glycerol and a carbon to nitrogen ratio equal to 100 (mol/mol). Initially, the lipid accumulation kinectic was determined using Y. lipolytica IMUFRJ 50682 and R. toruloides CCT 7815 strains (Fig. 2) . The lipid content, yield and productivity were subsequently determined for 72 h and 96 h of cultivation (highest lipid content) for the remaining R. toruloides and Y. lipolytica strains, respectively. R.
toruloides strains were superior than Y. lipolytica strains in terms of / and (Table 1. ). Y.
lipolytica IMUFRJ 50682 showed the highest lipid content (59.29%), but presented the lowest / and values along with a low biomass concentration (average of 1.3 g DW/l), therefore discouraging its application in industrial lipid production processes. toruloides strains in complex medium with glucose, xylose or a mixture of xylose:glucose at a mass ratio of 6:1 as the carbon source, and reported the tendency of the R. toruloides adapted (CCT 7815)
to accumulate more lipid than the parental strain (CCT 0783) in the three carbon sources (Table 1) .
Physiological characteristics of the evolved strain, in this work, were not statistically different from the ones displayed by the parental strain (Table 1) ; however, R. toruloides CCT 7815 strain was superior not only to the parental strain, but to all other strains studied here, in terms of lipid production. These results also suggest that the evolution process to which the R. toruloides CCT 0783 strain was submitted did not change the basic physiological characteristics of this strain, but modified lipid accumulation characteristics, possibly as a response to the increasing stress applied along the evolution strategy. The evolution process was performed at 28 ºC and 200 rpm, in medium containing 20.0 g/l xylose, 5.0 g/l glucose, 1.9 g/l yeast extract, 1.5 g/l MgSO4·7H2O, 5.0 g/l (NH4)2SO4, 3.6 g/l KH2PO4, and 2% trace minerals solution. After reaching the exponential growth phase, 25 ml of broth were centrifuged and cells were resuspended in fresh medium with addition of 53.1 0.23 (CM and pure glycerol 300 g/l) 50.6 0.16 (CM and raw glycerol 100 g/l) 43 0.08 Data are presented as average ± standard deviation (SD) of three independent experiments.
Averages followed by the same letter, in the same column, were not significantly different from each other (p > 0.1) according to the Tukey test. Cultivations performed under the same conditions of the microbial growth kinetics. CM -complex medium; DM -defined medium. 
